Isolation and cryopreservation of freshly isolated hepatocytes is considered a standard procedure for the long-term storage of liver cells. However, most existing methods for banking hepatocytes do not allow sufficient recovery of viable cells to meet the needs of basic research or clinical trials of hepatocyte transplantation. The mechanisms underlying this poor rate of hepatocyte recovery are unknown. Although much of the cellular damage in freezing is caused by formation of ice crystals within the cells, this is largely prevented by the use of dimethyl sulfoxide (DMSO) and controlled rate freezing. As we demonstrated recently, necrosis does occur in primary hepatocytes following isolation and cryopreservation. In the present study, we explored the contribution of apoptosis, another form of cell death, in primary hepatocytes banked for transplantation. We evaluated apoptosis of C57BL/6J mouse primary hepatocytes using several different methods. Annexin binding and the TUNEL assay, in conjunction with flow cytometry and confocal laser scanning microscopy, revealed that the percentage of apoptotic cells was dramatically elevated in cryopreserved cells compared with that in the control group of unfrozen cells. DNA laddering detected by DNA electrophoresis in agarose gel also supported the presence of apoptosis in isolated and banked liver cells. Moreover, we found that the addition of glucose (from 10 to 20 mM) into the freezing solution (University of Wisconsin Solution) decreased the rate of apoptosis by 84% and improved the cell attachment at least fourfold in cryopreserved cells. These results suggest that apoptosis might contribute to cell death in isolated and banked primary hepatocytes.
INTRODUCTION
a slow cooling rate and a rapid rewarming rate were implemented to optimize recovery after cryostorage (14) . More recently, a more efficient solution to freeze Among the therapeutic alternatives to orthotopic liver transplantation, hepatocyte transplantation offers the liver cells has been reported using the combination of University of Wisconsin Solution (UW solution), fetal best potential in a number of liver diseases, such as hepatic failure and genetic diseases (11, 20, 21, 30, 32) . Be-bovine serum (FBS), and DMSO rather than cell culture medium containing freezing solution (1). It has been fre-sides the importance for clinical needs, the isolated hepatocytes have become very attractive as model systems quently documented that the cell viability could be well maintained in cryopreserved hepatocytes from a variety for the study of liver function (4, 29) . Cryopreservation of freshly isolated or cultured hepatocytes is considered of species, but the cell viability is usually tested using trypan blue exclusion and lactate dehydrogenase (LDH) as an integral component of hepatocyte use for cell transplantation, bioartificial liver devices, drug metabo-release, which address only cell membrane integrity (7, 14) . It has been shown that although a high yield of lism, and toxicological studies.
Early work on hepatocyte cryopreservation utilized viable cell is recovered, as assessed by trypan blue exclusion, more than 80% of the hepatocytes exhibit ultra-technologies developed for freezing other cells, such as blood cells (14) . Dimethyl sulfoxide (DMSO) was used structural changes immediately after thawing, such as cytoplasmic vacuolation, condensation of cell organ-as a cryoprotectant by stabilizing cell membranes during the freezing process, when both thermal and osmotic elles, and blebbing of the plasma membrane (15) . In addition, there is a discrepancy between cell viability stresses increase as ice crystals form (17) . In addition, 60 FU ET AL. tested using trypan blue exclusion and the functional heim Co. (Indianapolis, IN); University of Wisconsin (UW) Solution (ViaSpan TM ) was from Du Pont Pharma-analyses, such as synthetic capabilities after cryopreservation (1, 8) . We also noted that there was a discrepancy ceuticals (Deluth, GA); X vivo-10 culture media was from Biowhittaker (Walkersville, MD). between high cell viability measured by trypan blue exclusion and subsequent low plating efficiency in cryo-Animals preserved liver cells (13) . We wondered if the occurrence of apoptosis could be used to explain the discrep-Female wild-type mice C57BL/6J, weighing 20-30 g ancy.
were used (Jackson Laboratories, Rochester, NY). All Apoptosis, or programmed cell death, is one form of procedures were performed in accordance with the cell death that differs from necrosis (24). Recently, guidelines of the Institutional Animal Care and use freeze-thaw trauma, which is related to cryopreserva-Committee, Children's Memorial Institute for Education tion-induced apoptosis, has been revealed in human corand Research at Northwestern University Medical School, neal-keratocytes during primary culture after thawing and the guidelines of National Institute of Health Guide-(5). Glander and Schalle (16) have reported that not only lines. necrosis, but also apoptosis, occurs in cryopreserved human spermatozoa, and advocated the use of the annexin Hepatocyte Preparation V binding assay for the evaluation of the quality and Hepatocytes were isolated from female C57BL6 mice integrity of spermatozoa. Apoptosis is characterized by using a method described previously (31) . Briefly, mice internucleosomal cleavage of the DNA into fragments were anesthetized and a midline laparotomy was perof 180-200 bp, chromatin condensation, shrinkage of formed. The inferior vena cava was cannulated in the cell volume, formation of apoptotic bodies, and blebbing lower abdomen with a 20-gauge Teflon catheter and perof the plasma membrane. In contrast, necrosis occurs as fusion was begun at a rate of 2.5 ml/min. After 20-30 the result of rapid cell poisoning and is characterized s, the portal vein was sectioned and the solution was with immediate loss of plasma membrane integrity (9) . allowed to flow through the liver. The liver was per-It has been reported that apoptosis occurs in liver tissues fused sequentially with EGTA solution (EBSS, without or cells in physiological and pathological conditions Ca 2+ , Mg 2+ , with 0.5 mM EGTA, 10 mM HEPES, pH (10, 22, 24) . However, little is known about the possible 7.5) followed by collagenase solution (EBSS, with Ca 2+ , contribution of apoptosis to freezing-and thawing-re-Mg 2+ , with 0.1 mg/ml Liberase, 10 mM HEPES, pH lated cell damage in cryostored primary hepatocytes. 7.5). Hepatocytes were removed by mechanical dis-Apoptosis is regulated by a variety of internal and extersociation and filtered through sterile 150-µm mesh nal factors or signals (24). Deprivation of glucose has nylon (Scientifics, Frederick, MD). The cells were been reported to induce apoptosis in several cell systems washed three times by centrifugation at 50 × g for 3 min (23, 25, 27) . In addition, physiological concentration of and resuspended in serum-containing culture medium glucose could protect neuronal cells or cardiac myocytes [X vivo-10, containing 10% fetal calf serum (FCS)] for against apoptosis-induced by hypoxia or mitochondria cultivation or in serum-containing freezing media for damage (6,28).
cryostorage. Initial viability assessments were made us-In the present study, we first demonstrate that the rate ing trypan blue exclusion (0.02% final concentration of of apoptotic cell death is dramatically elevated in pritrypan blue). mary hepatocytes of C57BL/6J mouse after cryostorage. Further, addition of glucose to freezing solution de-Hepatocyte Cryopreservation creases the rate of apoptosis and enhances cell attachment to culture plates after thawing and plating the cryo-Freezing of Hepatocytes. Fresh hepatocytes were resuspended in freezing solution containing 70% UW so-preserved cells.
lution plus penicillin G (200,000 U/L), insulin (40 U/L), MATERIALS AND METHODS dexamethasone (16 mg/L), 20% FCS and 10% DMSO, Materials at a density of 5 × 10 6 cells/ml. DMSO was added dropwise over 5 min on ice and different concentrations of Annexin V conjugated with fluorescein isothiocyanate (FITC), and propidium iodide were purchased from glucose were used as indicated. The cells were left on ice for 10 min before being placed into 1.8-ml cryovials Molecular Probes (Eugene, OR); Eargle's balanced salt solution (EBSS) was from Gibco (Grand Island, NY);
(1 ml/vial). The cells were then frozen in the programmable freezer (Model 7009 Cryogenic Freezing Control-ethylene glycol bis(β-aminoethylether-N,N,N′,N′-tetraacetic acid (EGTA) and D-glucose were from Sigma (St. ler, Gordinier Electronics Inc., Roseville, MI) using the following freezing chamber temperature profile: 0-44 Louis, MO); isofluorane was from J. A. Webster Inc. (Sterling, MA); Liberase TM was from Boehringer Man-min = from 4 to −40°C; 45-70 min = from −40 to −90°C. Hepatocytes were transferred to a liquid nitrogen with terminal deoxynucleotidyl transferase (TdT enzyme) buffer for 1 h in a humidified chamber and the vessel and stored for several days to several weeks. reaction was stopped with wash/stop buffer. Then the Thawing of Hepatocytes. Hepatocytes were thawed anti-digoxigenin fluorescein-labeled antibody was aprapidly in a 37°C water bath followed by dilution of plied for 30 min at room temperature in a humidified contents into 10 ml of culture media at 37°C. Cells were chamber. Counterstaining was performed with propidpelleted by centrifugation (50 × g for 3 min) and washed ium iodide and slides were read with a confocal laser twice with media. Initial cell viability and density were scanning microscope (Olympus America Inc., Melville, assessed by trypan blue exclusion. Cells were then NY) at dual excitation wavelengths of 488 nm (for plated in 100-mm tissue culture Falcon Primaria plates FITC) and 568 nm [for propidium iodide (PI)] and at (Becton Dickinson, Franklin Lakes, NJ) at a density of dual emission wavelengths of 530 nm (for FITC) and 1 × 10 6 cells/dish.
>590 nm (for PI). Olympus Fluoview 2.0.32 software Measurement of LDH Release From Hepatocytes was used. Two positive controls and one negative control were supplied by the manufacturer and these were The culture medium was collected from the culture used in all experiments. For flow cytometry analysis, the dish at the indicated period of time after plating. The cells were harvested from monolayer culture and 1 × 10 6 collected media were centrifugated at 500 × g for 5 min cells were resuspended and fixed in 1% paraformaldeand the supernatants were collected and kept at −20°C hyde/phosphate-buffered saline (PBS) and kept in 70% until use. Each sample (100 µl) was assayed for LDH ethanol in PBS at −20°C until use. TUNEL assay was activity using LDH kit (Sigma, St. Louis, MO).
performed as instructed by the manufacturer. The data Plating Efficiency were collected with a Becton Dickinson FACScan flow Plating efficiency was determined by counting noncytometer. A minimum of 10,000 cells were examined attached cells in the first wash 4-6 h after plating the for each assay at a flow rate of <100 cells/s. cells on Primaria plates and expressed as the fraction of Annexin V and Propidium Iodide Double Labeling. the total plated cells attached as described (31) .
Annexin V-FITC and PI double staining were performed with nonpermeabilized cells and examined by flow cy-Apoptosis Assays tometry and confocal laser scanning microscopy. For DNA Laddering. The cells (1-2 × 10 6 ) harvested flow cytometry analysis, the hepatocytes were adjusted from monolayer culture were kept in lysis solution (20 to a concentration of 1 × 10 6 cells/ml PBS/1% bovine mM EDTA, 0.5% Triton X-100, 5 mM Tris, pH 8.0) on serum albumin and were centrifuged at 50 × g for 3 min. ice for 30 min, then centrifugated at 12,000 rpm for 20
The pellets were resuspended in 190 µl ice-cold binding min. Ribonuclease was added to the supernatant and the buffer (140 mM NaCl, 2.5 mM CaCl 2 , 10 mM HEPES/ mixture was incubated at 37°C overnight. Extraction of NaOH, pH 7.4) and incubated with 10 µl of Annexin-V DNA was performed with phenol-chloroform and iso-FITC solution (final concentration 2.5 µg/ml). The tubes propanol solutions. To detect DNA internucleosomal were kept on ice and incubated for 10 min in the dark. cleavage, the samples were electrophoretically frac-Then the cells were washed once and resuspended in tioned on 1.5% agarose gel with 0.5 µg/ml ethidium bro-190 µl binding buffer and mixed with 10 µl of dissolved mide. The DNA in the gel was visualized and photo-PI solution (final concentration 5 µg/ml). The negative graphed under ultraviolet light.
controls represented cells only treated with the buffer TUNEL Assay. The Oncor Apoptag TM Plus in situ dewithout annexin V-FITC and PI. For confocal laser tection kit (Intergen, Purchase, NY) was used to identify scanning microscopy, the monolayer culture (1 × 10 5 the 3′-OH DNA fragments produced by the action of cells/chamber) was used. Similar steps were taken for endonuclease in the process of apoptosis. For immunothe double staining as described above except the cenhistochemistry analysis, cells either with or without crytrifugation. Flow cytometry and confocal laser scanning ostorage were plated in a chamber (Nagle Nunc Internamicroscopy were performed similarly as described in tional, Naperville, IL) at a density of 1 × 10 5 cells/ml. TUNEL assay. When comparison was made between After culture for 12 h, the cells were fixed with paraunfrozen control samples and cryopreserved samples, at formaldehyde for 10 min at room temperature and least three sets of hepatocytes preparations were used washed twice with PBS, then kept in 70% ethanol in and the data presented are the average of these experi-PBS at −20°C until use, from several days to 2 months. ments. The samples were digested with 20 µg/ml of proteinase K for 20 min at room temperature, then exposed to Statistical Analysis equilibration buffer and kept under a coverslip in a humidified chamber for 5 min. The slides were incubated Data were analyzed using the Student's t-test.
RESULTS
By counting at least 500 cells for each group under fluorescence microscope, we found that 48.6% of cryopre-Apoptosis in Primary Mouse Hepatocytes After served hepatocytes showed positive staining after incu-Cryostorage bation of the cells in culture media for 12 h, but in unfrozen control samples only 2.3% of cells showed As shown in Figure 1A , apoptotic cell death occurred positive staining under the same conditions for the same in cryopreserved mouse hepatocytes measured by in situ sets of hepatocytes. TUNEL assay with confocal laser scanning microscopy.
Further, annexin V conjugated with FITC and PI dou-Here, we demonstrated a positive stained hepatocyte with shrinkage of cytoplasm under PI counterstaining.
ble staining in nonpermeablized cells identified three groups of hepatocytes by confocal laser scanning micros-We evaluated the time course of LDH release into culture media from three groups of samples: nonfrozen copy (as shown in Fig. 1B) : 1) intact cells (annexin V negative and PI negative); 2) necrotic cells (annexin V positive control hepatocytes, hepatocytes cryopreserved with glucose (2 g/l), and hepatocytes cryopreserved without and PI positive); 3) apoptotic cells (annexin V positive and PI negative). Combination of the double staining glucose in the freezing solution. There was no difference in LDH release from these cells within 6-h incubation assay and flow cytometry demonstrated that control samples contained 81% intact cells, 12% necrotic cells, after thawing among the three groups. After 12-h incubation, LDH release was higher from cryopreserved and 7% apoptotic cells. In contrast, the cryopreserved and thawed samples contained 33% intact cells, 22% cells than from nonfrozen cells (115 ± 20 U/10 6 cells), but no difference was noted between the sample cryo-necrotic cells, and 45% apoptotic cells. Therefore, cryopreservation and thawing increased necrotic cells by 1.8-stored with glucose and sample cryostored without glucose. After incubation of these cells for 24 h, a signifi-fold and apoptotic cells by 5.5-fold after 12 h of subsequent culture.
cant difference in LDH release was detected in two cryopreserved samples ( Figs. 3 and 4) . Therefore, glu-In addition, DNA fragmentation detected by DNA laddering in eletrophoresis was present in cryopreserved cose in freezing solution partially inhibited the LDH release from cryopreserved mouse hepatocytes after plat-samples, but not in unfrozen control samples (data not shown). Taken together, these findings indicate that cry-ing and culture in plastic dishes for 24 h. Further, we found that addition of glucose (final dose opreservation enhances apoptotic cell death in mouse primary hepatocytes.
2 g/l) to freezing solution inhibited the occurrence of apoptosis detected by using DNA fragmentation assay Effects of Glucose in Freezing Solution on Plating (Fig. 5A) . Using a combination of TUNEL assay and Efficiency, LDH Release, and Apoptosis of Primary confocal laser scanning microscopy, we found that glu-Mouse Hepatocytes After Cryostorage cose in freezing solution suppressed the rate of apoptosis In order to examine the effects of glucose in freezing in a dose-dependent manner (Fig. 5B) . The rate of apopsolution on cell viability after cryopreservation, we setosis decreased from 48.6% in the hepatocytes cryoprelected plating efficiency, LDH release, and apoptosis as served without glucose in the freezing solution, to parameters. As shown in Figure 2 , glucose improved 23.7%, 17.2%, and 8.0% in the hepatocytes cryopreplating efficiency in a dose-dependent manner and, at served with glucose at the concentration of 0.5, 2, and 4 the optimal dose (about 2 g/l), the plating efficiency ing/l, respectively. The rate of apoptosis in unfrozen samcreased by 4.5-fold compared with that of hepatocytes ples was 2.3 ± 0.8%. cryopreserved without glucose in the freezing solution.
DISCUSSION
Recently, we studied the effects of different freezing solution on cell viability tested with the methods related to plasma membrane integrity, such as trypan blue exclusion and LDH release from human and mouse primary hepatocytes after cryostorage. We found that, after cryopreservation, the rates of trypan blue exclusion were 89-95% in human hepatocytes and 74-96% in mouse hepatocytes. These data indicate that necrosis occurred but only in a small portion of the cryopreserved primary hepatocytes. Several groups, including ours, found that among the different freezing media, UW solution yielded better cell viability than freezing solution containing cell culture media (3,7,13). Therefore, we selected UW solution as a main part of the freezing solution for preserving mouse primary hepatocytes. In addition, because UW solution does not contain glucose, In the present study, apoptotic cell death was detected Data shown are mean ± SD, n = 3. *p < 0.01 compared with for the first time in cryopreserved primary hepatocytes the samples cryopreserved without added glucose. The plating efficiency for unfrozen mouse hepatocytes was 61.1 ± 7.3%. using three different methods: DNA laddering, TUNEL assay, and annexin V and PI double staining. DNA lad-phosphatidylserine with a high specific affinity (2). Durdering and TUNEL assay were used to detect apoptosis ing apoptosis, phosphatidylserine translocates from the based on DNA damage caused by endonuclease activity.
internal layer of the plasma membrane to the surface of However, in some specific situation, DNA fragmentathe cells. This occurs in the early phase of apoptosis tion also occurs in necrotic cells and the detection of during which the plasma membrane remains intact. fragmented DNA may fail to distinguish between apop-Annexin V-FITC works as the tracer of phosphatidylsertotic cells and necrotic cells (18). Therefore, we applied ine. Because annexin V-FITC staining can also be posiannexin V and PI double staining of nonpermeabilized tive in some necrotic cells, PI staining in nonpermeabilcells, in conjugation with confocal laser scanning miized cells was used to determine plasma membrane croscopy and flow cytometry. Annexin V can bind to integrity, which is maintained in early stage of apoptosis as well as intact cells. This use of PI staining is different from PI counterstaining as applied in permeabilized cells, such as in TUNEL assay. Results from the three different assays revealed that apoptotic cell death did occur in cyopreserved mouse hepatocytes and that both apoptosis and necrosis were enhanced after cryostorage, but the former was the main form of the cell death in these experiments. The different rates of apoptosis demonstrated among these various assays might be due to either the different sensitivity or detecting different phases of apoptosis by these methods.
The mechanism by which cryostorage triggers apoptosis in the isolated hepatocytes is still not clear. However, some early work suggested that cryostorage of rat hepatocytes could result in mild damage of mitochondria (8) . Current studies have strongly indicate that mitocryopreserved mouse hepatocytes. After 1 × 10 6 cells cryoprechondria are involved in initiation of apoptosis in many served with indicated concentration of glucose were thawed cell systems (19, 26) . and incubated for 24 h, LDH release was performed as de-Our results here indicated that glucose in the freezing scribed in Materials and Methods. Data shown are mean ± SD, n = 3. medium could improve the plating efficiency and par- 
